ICCS conductors behave anomalously.
INTRODUCTION
ICCS conductors behave anomalously when subject to magnetic field and current variations. In this paper, the assumption that the non-uniform distribution of helium and conductor in the cable is the cause of the anomalous behaviour is tested experimentally and analytically. Two types of anomalies of ICCS will be addressed in this memorandum: the ramp rate limitations (quenching at lower ramp rates than would be expected) and energy margin.
The model hypothesizes that if the energy released in tightly bunched strands exceeds a lower critical limit. the helium in the tight "channels" vaporizes and the strands in the tight bunches quench. The current in these strands is transferred to the loosely bunched strands (with a large local helium fraction) that are still superconducting. If the current in these superconducting strands is larger than their critical current, then the entire conductor quenches. ' This work was supported by DOE through PPPL subcontract
503528-G
The analysis deals mainly with the unpressurized pool boiling cases, but the model can be extended to supercritical helium.
Section 2 describes the variations of He fraction across the cable and their implications. Section 3 describes the models used to calculate the AC losses. Section 4 describes the experimental results and their analysis. Section 5 describes the implication of the results to supercritical He.
Helium fraction
The helium fraction in the conductor refers to the void volume divided by the total conductor volume. However, large local differences in helium fraction exist. The minimum fraction occurs when the strands are touching (tight strands, see Helium has very small heat thermal conductivity, k B 0.02 W/mK. The thermal equilibration time in helium is long, even in the case of supercritical helium:
In the case of pool boiling (unpressurized helium) it is assumed that the bubbles remain trapped by the strands, especially in the crevices between strands, as shown in Figure 1 . The helium in these crevices experiences the largest temperature rise, since the helium fraction is the smallest and the heating input is the largest (due to the largest metal fraction). Surface tension prevents the small bubbles formed in the crevices from leaving the system in the time scale of interest. The expansion of helium as it goes into the gas phase results in the expulsion of liquid helium to compensate for the volume increase of gaseous helium, as shown in Figure 2 . The hot helium flow could be either in the gas or in the liquid phases (supercritical helium will be discussed below). After the channels are filled with gaseous helium, any additional heating to the wires will result in the local quenching of the superconductor (since the conductor has very little heat capacity). Helium experiences an increase in volume of a factor of 8 as it goes from the liquid phase into the gas phase at 1 bar. This means that it is only necessary to evaporate about 12% of the helium in order for gaseous helium to totally occupy the volume in between strands. Using this information, it is possible to evaluate the parameters for filling 100% of the channel by the gaseous phase. Atmospheric helium evaporates with 20400 J/kg. Its liquid density is 125 kg/m3. The helium vaporization energy is therefore 2.5 J/cm3. Since evaporating only 1/8 of the helium in the channel results in totally filling the channel with helium gas, the energy needed to fill the tightly bunched channels with gaseous helium is then 0.3 J/cm3. The local heating E~~, l~~~l with non-uniform void fraction can be shown to be where F H~, ~~~ and F~~, l~~l are the average and the local helium fraction, and E H~,~~~ is the average heat input to the helium. It is assumed that the heat is generated uniformly in the metal. J/cm3 (required to fill the tightly bunched channels with gaseous helium), E H~,~~~ M 50 mJ/cm3 (energy margin over the conductor of N 25 mJ/cm3). This implies very small energy margins for the regions with tight strands.
Hot

Hysteretic and Coupling Losses
The hysteresis losses in the DPC strands are given by These losses are for a full cycle. In order to account for the quarter cycle, this equation needs to be multiplied by 1/4. The losses are for a single strand, and many strands can result in non-uniform losses. This is due to the presence of fields external to the strands. Both larger and lower losses, locally, are possible (if the strands are aligned with the magnetic field, the losses are smaller; if they are aligned orthogonally to the magnetic field, the losses are larger).
The coupling losses are given by B2 2 0 coupling = --Po Tramp 63 varies for different cable composition and construction and also may vary longitudinally along the cable.
Non-uniform coupling losses could also exist. Nonuniform losses (both hysteretic and coupling) could be the explanation of the anomaly.
Hysteretic effects
The hysteresis losses depend on the previous history of the superconductor. Typical h steretic loops for the DPC wire are shown in Figure 3 The heat dissipated for a unipolar cycle (rampup/rampdown) is 42% of the losses for the (bipolar) cycle [3]. For the bipolar cycle, about 25% of dissipation occurs in each quadrant. As shown in Figure 3 , the dissipation for the rampdown in the unipolar cycle is equivalent to the the dissipation in the rampdown in the bipolar cycle, and approximately 25% of the dissipation for the full cycle. Therefore, the dissipation during rampup from the unipolar cycle are much lower than those of the full cycle. The power dissipation during the rampup for the unipolar are 17% of the dissipation in the full bipolar cycle, vs. 25% for the bipolar cycle. Therefore, differences of about 1/3 in the energy dissipated during rampup can occur because of the difference in the magnetization state of the conductor.
Stability Region
The proposed model implies two conditions for conductor quenching. The first one is that the tightly bunched strands be filled with helium gas (an energy implication) ,
and that the conductor current be larger than a given value (a fraction-of-critical implication.) The data can be shown with the fraction of critical in the ordinate and the energy margin in the coordinate.
According to the limiting-current model briefly described above, the instability region would be a box limited by the limiting critical fraction (equal to the fraction of the conductors that are bunched) and by the critical energy, represented by the fraction of He boiloff.
Tests
There have been three types of experiments [l] . THe first one has current and field ramping, the second has only field ramping, and the third one has multiple field ramps.
The experiments were conducted in three sets of sample coils with 27 strands (3 x 3 x 3). The sample coils were single loop coils with different conductors, a 27 allsuperconducting strand cable, a 27-strand copper hybrid (one of the wires in each triplet is pure copper) and a 27-strand steel (one wire of the triplets is steel). For each sample coil, many different ramp rates and maximum field/currents were tested. Losses have been calculated for each ramp rate test. The average energy densities (specific energy) deposited in the conductor and in the helium are also evaluated. The time constant 0 is determined by the best fit to the data, as described below. Figure 4 shows the specific energy into the helium higher points) and the specific energy into the conductor lower points) for the Cu-hybrid coil. The points indicate, or each test, the AC energy Figure 4 shows The fraction of average helium that is vaporized is shown in Figure 6 . It is very suggestive that once the average helium gas fraction reaches 3.5%, the conductor quenches.
The conclusion of this part of the study is that, with the equations used, when energies of 50 mJ/cm3 (theoretically and experimentally) are deposited in the helium, the tight strands cease to be superconducting.
4.1
As suggested above, the whether the coil quenches depends both on the energy dissipated and the fraction of critical. The quench/unquench boundary can be investigated by plotting the results of the tests shown in Figure 5 with the AC loss energy in the coordinate and the fraction of critical in the ordinate. The results for the steel hybrid cable experiments are shown in Figure 7 . The coordinate shows the fraction of critical (current) at the time of the quench. Note that relatively low values of critical fraction, fn;t -0.5 are needed to quench these cables. This implies that a relatively large number of the strands in the region of tight bundles, about half. If half of the strands quench due to the AC losses, then the current in the unquenched strands doubles; with a critical fraction of 0.5, then the current in t h e strands exceeds the critical current, and the entire cable quenches. Note that there are some points well inside of the box, when the boundaries of the box should be limiting. Possible reason for the relatively large scatter will be described in Section 4.3.
4.2
A second class of tests were carried in which the field was ramped with constant conductor current.
The cases of ramped-current and constant current are compared in this section, for the case of the steel hydrid Field ramping, constant current tests conductor sample coil. Figure 8 shows the results with the current and field ramping, with field ramping (single ramp), and first ramp-up of multiple cycles cases. Figure 8 shows that a.bout 30% of the strands are tightly bunched (the b0undat.y falls at about 70% critical, which, following the arguments above, meam that 30% of the strands are tightly bunched).
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Figure 8: Stability/quench boundary for the steel hybrid conductor with constant current, varying field.
These results tend to confirm that the critical average helium boiloff is about 3%, independently of whether the current is ramped or not (for first order, the AC 1ce.w~ are not dependent on the curirent ramping, only on field variations). Considering that for these cases the maximum local heating in the helium is about 6 times larger than the average, then the maximum local evaporation is 18%.
Since the volume expansion of the helium from the liquid into the gaseous phase is about 7-8, then the volume in b+ tween tightly bunched strands could be occupied entirely by gaseous helium.
4.3
To better characterize the measurements, it was suggested to run a half cycle with no current prior to each test. The tests were combined with the multiple ramp tests. The results for the first ramp for these tests are shown in Figure 8 . Results indicated that it was more difficult to quench the superconductor (indeed, the conductor quenched only after operating near critical current), supporting the assumption that premagnetizing the superconductor reduces the dissipation.
However, there was additional energy dissipated in the conductor during the foilowing ramps, and the model breaks down, as will be discussed below.
Multiple Ramps
To test whether the anomalous behaviour of the ICCS is due to energy rather than power margin, a set of experiments with multiple unipolar ramps of the magnetic field was designed. The conductor current was DC. Figure 8 shows the results of a calculation for the first ramp-up, but the field was ramped up and down 25 times. The figure is calculated assuming bipolar cycle dissipation,-so
Premagnetization of the Sample Coil
the results need to be multiplied by a factor that could be as small as 17/25. Although the energy dissipated per ramp was not enough to quench the conductor, the model predicts that the first rampdown or the second ramp-up would. Since the dissipated power in the rampdown is the same as the energy during the ramp-up, at the end of the second ramp-down the average helium boiloff is about 8% x 42%/50% x 6%, substantially larger than the 3 -4% that is necessary according to the model. Although the superconductor may not quench during the rampdown since the fraction of critical is decreasing, it should quench during the second rampup, and it does not! At the present time, this is important evidence that the anomalous behaviour may not be due to a low energy margin.
The superconductor received substantial heat during the pulses. It is interesting to investigate the heat balance, as the sample coil did not quench even after 25 cycles.
The radii of the cable and helium is about 2.5 mm and that of the conduit is 3.1 mm. The energy dissipated in the conductor, qN' is about lo4 W/m3 (10 mW/cm3). The minimum q"' that quenches the sample coil, if the quench is determined by a power limit, is IO3 W-/m3 (1 mw/cm3)!!! The total run time was about 250 s 5 s ramp-up and 5 in the conductor is 2.5 J/cm3, which should quench the conductor, but it does not. It could be speculated that the conductor could be cooled via pool boiling to the helium bath outside the sample. The typical power that needs to be removed from the cable is about 10W/m2 (1 mW/cm2) (assuming that the helium itself does not carry the heat out in the form of bubbles leaving the conductor). The temperature differential across the 0.6 mm jacket is about AT -q"Ar/kja,ket -K. For the values being considered, heat transfer is convective and very small temperature differentials (< .1K) are needed. A small degree of superheat is therefore all that is needed to remove the heat from the test coil. The superconductor can tolerate relatively large temperature rises (on the order of K's) without quenching. s rampdown, with 25 cycles). The tota i energy dissipated 4.5 Energy Margin The same model described above can be used to determine the results from the energy margin experiments. If the current in the strands with high void fraction (once the small void fraction ceases to be superconducting) exceeds the critical current. then the entire conductor quenches.
The process can be better understood if we identify that there are regions with different energy margins. The region with low void fraction has a low energy margn, and the high void fraction has a high energy margin.
The region of high energy margin has a helium fraction larger than the average. It is easy to show that the helium fraction in the unbunched strands is where q is the fraction of bunched strands. The minimum The factor of 4 decrease in margin, and the relatively constant energy margin at the high currents, are reassuring. If there is a distribution of bunched fractions and of degrees of tightness, then the transition would be more smeared.
The ratio between the energy margins in the "well-cooled' and "ill-cooled'' regimes depends on F H e , m i n l F H e , a v e l while the limiting current is a function of fbunched.
Relevance to Supercritical Helium
The case of pool boiling has been analyzed above. It was concluded that when the energy going into the helium exceeded 50 mJ/cm3, the tightly bunched conductor would not be superconductin . The results agreed with the experiments carried out 811. In this section, the critical energy for supercritical helium is calculated.
Supercritical helium does not have the large change in volume experienced by the liquid to gas transition, but it is still substantial. The specific weight of helium at 6 bar is shown in Figure 10 . Fkduction in the available enthalpy for cooling could also occur in the liquid phase. Similarly to the case with phase change, the liquid in the very tight spaces between conductors will expand due to the increased heat, and the fluid in the center of the space will be pushed out, as shown in Figure 1 . An estimate of the minimum energy required to raise the temperature of liquid helium in the channels can be obtained in the following manner: assuming that the helium experiences a volumetric expansion of C = p i / p f , then the fraction of helium in the channels that needs to be heated is l/(. Here pi and pf are the helium densities at the initial and final temperatures (at constant pressure). The energy required to raise the temperature of the reduced volume is simply A H p i . When including the change in volume, the minimum energy density required to raise the temperature in the tightly bunched section of the conductor is given by
The fact that the enthalpy change is multiplied by the final density is a surprising result. The corresponding helium energy input E H~,~, ,~ (averaged over the cross section) is then Figure 11 shows E H~,~~~ curve for the case of helium at 6 atmospheres, for FHe,min 10% and FHe,aue = 40%. Note that after 8 K, EH,,,,, saturates. This is due to the fact that the change in volume more than compensates for the increase in enthalpy.
If the superconductor current sharing temperature is about 7-8 K, then the average helium energy E H~,~, ,~ is about 250 mJ/cm3 (with a corresponding value of energy margin -120 mJ/cm3 for the tight strands). This value is about a factor of 5 larger than for pool boiling.
Discussion
The hypothesis of non-uniform helium distribution as the reason for the anomaly of ICCS was tested.
Although the initial tests supported the hypothesis, the latter evidence (multiple ramp rates) points away from an energy limit as the reason for the ICCS anomalous behaviour. The multiple pulses tests (with ramping field) did not show any tendency to quench, up to the critical current. The results from the premagnetized experiments indicate that the sitability for premagnetized cases increases. Finally, it was not possible to quench the superconductor at fixed current with field ramping until the conductor current was close to critical. The cable is cooled by the bath surrounding the sample.
T h could be the reason why the superconductor did not quench with the multiple pulses.
One possible manner to prevent the non-uniform distribution is by braiding the conductor. Both a braided conductor and a twisted conductor were wound by the NET team [fp The model would predict that a uniform cable would s E; ow less anomaly than the non-uniform conductor.
Another possibility is to design to a fraction of critical that is lower than 1 -17 ( q is the fraction of bunched strands). Then if the tight strands quench, the unbunched strands still can carry the current without quenching. A much larger energy margin ( E z ) can be obtained this way.
However, the higher value E2q would still be substantially smaller than previously calculated, even for supercritical fluids.
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